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neural plate and the nonneural ectoderm in providing
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Singapore tor Smad5 required for nuclear transduction of the BMP
signal, the BMP gradient is altered in a manner that
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Further investigation of this earliest wave of NC forma-
tion has raised the possibility that in the trunk region ofDevelopmental origins of the neural crest (NC), a quint-
the zebrafish embryo, the NC and a class of dorsal pri-essential and pluripotent vertebrate cell type, has his-
mary sensory neurons, the Rohon-Beard (RB) neurons,torically been a topic of extensive investigation but
represent alternative fates of precursor cells that belongcontinues to remain poorly understood [1]. In the ze-
to a single equivalence group. Elegant fate-mappingbrafish embryo, NC and primary sensory neurons are
experiments have shown that the NC and RB neuronsthought to segregate from a common population of
arise as a mixed population from the lateral border of theprogenitor cells in response to lateral inhibition [2, 3].
neural plate [2]. Additionally, in the Notch (N) signalingHere, we show that the zebrafish homolog of the
pathway, mutations that disrupt the process of lateralB-lymphocyte-induced maturation protein (Blimp-1)
inhibition within equivalent groups of cells result in thegene, u-boot (ubo) [4, 5], is induced by BMP signaling in
excessive production of RB neurons at the expense ofcells at the boundary of the neural plate and nonneural
the NC [2, 3]. Consistent with all of these observations,ectoderm. Loss of Ubo activity not only inhibits specifi-
the proneural gene neurogenin1 (ngn1) is expressed incation of the NC but also impairs development of the
precursors of the RB neurons as well as the NC [3, 11].primary sensory neurons. Conversely, misexpression
Its transcripts accumulate at high levels in cells destinedof ubo results in the generation of supernumerary pri-
to mature into the RBs, whereas the neighboring cellsmary sensory neurons consistent with this cell type
express low levels of ngn1 in response to N signalingrepresenting the default fate within the progenitor
and become fated to form NC. Moreover, loss of ngn1equivalence group. These results establish a link be-
activity specifically inhibits the development of the RBtween the activity of the transcriptional regulator
cells and can restore NC formation in embryos in whichBlimp-1 and the inductive effects of BMP signaling in
N signaling is compromised [3]. Although these lines ofthe inception of NC progenitor fate.
evidence strongly support the notion that the origins of
the NC and RB cells are developmentally linked during
Results and Discussion embryogenesis, the identity of the cell-autonomous fac-
tor whose activity induces their common progenitor in
The neural crest (NC) is a transient, migratory cell popu- response to the BMP signal has remained elusive.
lation that arises at the dorso-lateral edge of the devel- In the mammalian immune system, the activity of the
oping neural tube of vertebrate embryos [1]. Intriguingly, B-lymphocyte-induced maturation protein (Blimp-1), a
the NC possesses several stem cell-like properties such zinc finger and SET domain-containing transcriptional
as the capacity to self renew as well as the ability to regulator, is necessary and sufficient to promote the
acquire a variety of distinct fates such as peripheral maturation of B-lymphocytes into antibody-secreting
neurons, glia, cartilage, and pigment cells in response plasma cells [12]. In all amniotes as well as anamniotes
to autonomous genetic programs as well as diverse examined to date, developmental expression of homo-
environmental signals [6]. Based on a number of studies logs of blimp-1 has been observed in a wide diversity
from various organisms, it is now generally accepted of cell types, implicating that its function is likely to
that the earliest phase of cranial as well as trunk NC influence many more processes besides the initiation
induction begins at the time of gastrulation. Several in- of B-cell differentiation [5, 13–15]. We have recently re-
tersecting signals, notably those belonging to the BMP, ported that embryos carrying mutations in the zebrafish
Wnt, and FGF families of secreted proteins have been blimp-1 ortholog, ubo, are unable to execute the proper
implicated in determining the progenitors of the NC at specification of slow-twitch muscle cells in their somites
the neural-plate border [1]. Genetic analyses in the ze- [4, 5]. Here, ubo expression is induced by Hedgehog
brafish have confirmed a role for a dorso-ventral gradi- (Hh) signaling in a subset of somitic myoblasts, and its
ent of BMPs operating across the lateral edge of the activity is sufficient to drive the differentiation of these
cells into slow-twitch muscle fibers. We now show that
in an entirely novel context, the ubo gene plays an essen-*Correspondence: sudiptor@imcb.a-star.edu.sg
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border is similarly transient; it is first apparent at 90%
epiboly, and by the 5-somite stage, the pattern is com-
pletely extinguished.
Because a distinct concentration of BMP activity
specifies cell fates at the neural-plate border [7–10], we
next examined whether the expression of ubo in this
region is regulated by a critical threshold of BMP signal-
ing. In line with their loss of the NC and the RB neurons,
we found that in swr embryos, ubo expression is specifi-
cally absent in cells at the border between the neural
plate and the nonneural ectoderm (Figures 1G and 1H).
On the contrary, in embryos mutant for the chordino
(chd) gene, which encodes the neural inducer and BMP
antagonist, Chordin [16], the shape of the BMP gradient
is altered such that the epidermis is preferentially en-
larged with an associated reduction in the size of the
neural plate. Consistent with this change in the levels
of BMP signaling in chd embryos, we observed a distinct
expansion of the domain of ubo expression at the lateral
edge of the neural plate (Figure 1I).
Ubo Activity Is Essential for the Specification
of the NC Cells
The expression of ubo at the neural-plate border led us
to investigate whether its activity could be required for
the generation of the NC and RB cell types that derive
from this region. Because alterations in the levels of N
Figure 1. ubo Expression Is Observed in Cells at the Boundary of
signaling did not affect the pattern of ubo expressionthe Neural Plate and Nonneural Ectoderm and Is Regulated by BMP
(data not shown), we reasoned that its function is likelySignaling
to be required downstream of BMP but upstream of N(A–F) Wild-type, (G and H) swr, and (I) chd embryos hybridized with
in the specification of the NC and RB cell fates. Analysisthe ubo antisense probe. (A) 90% epiboly, frontal view; (B) 90%
epiboly ventral view; (C) tail bud, lateral view; (D) 2-somite stage, frontal of mutant embryos compromised in ubo activity with
view; (E) 2-somite stage, lateral view; (F) 2-somite stage, caudal view; the earliest markers that specifically label the emerging
(G) 2-somite stage, lateral view; (H) 2-somite stage, dorsal view; (I) premigratory NC population at the 2–3-somite stage,
2-somite stage, caudal view. In all panels, ubo expression at the slug/snail2 (sna2) [17] and foxd3/forkhead domain 6 [18],
neural-plate border is indicated by short arrows. Expression in the
showed a substantial reduction in the levels of sna2prechordal mesoderm (A) and adaxial slow-muscle precursors (F–H)
expression in the mutant embryos (Figures 2A and 2B),are highlighted (long arrows). The embryos are exhibited as whole
mounts. whereas the levels of foxd3 did not appear to be signifi-
cantly affected (Figure 2C). Despite this variability in the
effects of the loss of ubo activity on genes expressed
tial role in specifying the progenitors of the NC and RB early in the NC, the mutant embryos subsequently exhib-
sensory neurons in response to BMP activity. ited marked abnormalities in the development of several
of its major derivatives. We noted that the cranial trigem-
inal ganglia, which consist of NC as well as ectodermalubo Is Expressed in Cells at the Boundary
of the Neural and Nonneural Ectoderm placode derived cell types, were significantly smaller in
size (Figures 2E and 2F), an effect that was also reflectedin Response to BMP Signaling
We have previously documented that the earliest ex- in a reduction in the numbers of neurons within these
ganglia that express LIM homeodomain proteins of thepression of ubo in the developing zebrafish embryo oc-
curs in cells of the yolk syncytial layer (YSL) and in islet (Isl) family (Figures 2G and 2H). In addition, in the
peripheral nervous system (PNS), the dorsal root gangliathose of the involuting mesendoderm at the beginning
of gastrulation [5]. Toward the end of gastrulation and (DRG), which consist of sensory neuron clusters that
originate from the NC and are arranged in a segmentallyconcomitant with the initiation of its expression in the
precursors of the slow muscle fibers in the presomitic reiterative pattern along the spinal cord, are either re-
duced in size or completely fail to form (Figures 2I andmesoderm, a unique pattern of ubo expression is acti-
vated in a stripe of cells that runs all along the border 2J). Furthermore, skin pigment cells (melanocytes), an-
other cell type that differentiates from the NC, werebetween the neural plate and the nonneural ectoderm
(Figures 1A–1F). This expression circumscribes the en- clearly reduced in number in ubo embryos when com-
pared to their wild-type siblings (Figures 2K and 2L).tire long axis of the embryo: anteriorly, it extends as far
as and around the head process, while at the posterior The relatively less-pronounced effects of the loss of
ubo activity on the expression of foxd3 in comparisonend, it loops around the developing tail bud. As in the
slow-muscle precursors where ubo expression persists to sna2 could ensue from the hypomorphic nature of
the ubo mutant allele [4, 5]. Indeed, we have previouslyfor a very brief period, its expression at the neural-plate
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Figure 2. Loss of Ubo Activity Impairs NC Development
(A and B) Expression of sna2 at the 2-somite stage in a wild-type (A) and an ubo mutant (B) embryo. Preparations are flat mounted, and the
cranial (long arrows) and trunk (short arrows) NC cells are indicated. (C and D) Pattern of foxd3 expression at the 2-somite stage in an embryo
derived from heterozygous ubo fish ([C], n  67) and in an ubo morphant ([D], n  26/35). foxd3 expression in ubo mutants and their wild-
type sibling embryos is indistinguishable. Embryos are exhibited as whole mounts in frontal view; in (C), the cranial (long arrows) and trunk
(short arrows) NC cells are indicated. (E–H) Wild-type (E and G) and ubo (F and H) embryos at 24 hr postfertilization (hpf) stained with anti-
acetylated tubulin (E and F) and anti-Isl antibodies (G and H) showing the relative sizes of the trigeminal ganglion (arrows in [E] and [F]). (I
and J) Lateral view of the spinal cord of a wild-type (I) and an ubo mutant embryo (J) at 72 hpf stained with anti-HuC antibodies for
highlighting the DRG (arrows). DRG are reduced (37/50 hemisegments analyzed in 5 embryos, 10 hemisegments each) or absent (asterisk, 11/
50 hemisegments analyzed in 5 embryos, 10 hemisegments each) in ubo embryos. (K and L) Dorsal views of a 72 hpf wild-type (K) and an
ubo embryo (L) showing reduction in pigment cells in the mutant.
demonstrated that a “knock down” of Ubo protein activ- 3C and 3E). By contrast, in ubo mutant embryos, dramat-
ically reduced numbers of the RB cells were detectableity through the inhibition of its pre-mRNA processing
with splice-site-directed antisense morpholino oligonu- at this stage (Figures 3D and 3F). Acquisition of the RB
fate is first evident as high-level expression of the pro-cleotides (MOs) can result in an enhancement of the
slow-twitch muscle cell type specification defects when neural gene ngn1 in single cells at the border of the
neural plate and epidermis as a result of lateral inhibitioncompared to the phenotype that is apparent in the ubo
mutants themselves [5]. In line with this view, the NC- mediated by N signaling [3] (Figure 3G). We observed
that this pattern of ngn1 expression was specificallyspecific expression of sna2 as well as foxd3 was unde-
tectable in ubo morphants (wild-type embryos injected eliminated in ubo embryos (Figure 3H), indicating that
like the NC, it is the earliest event in the specification,with splicing inhibitory MOs) (Figure 2C and data not
shown). We conclude that a substantial reduction of rather than subsequent differentiation of the RB neu-
rons, that is compromised in the absence of wild-typeUbo activity is sufficient to completely eliminate the early
specification of the trunk as well as cranial NC cells. Ubo activity.
Ubo Is Instructive for the SpecificationThe Specification of RB Neurons Also
Require Ubo Activity of the RB Cell Fate
Such an essential role for Ubo in the specification ofIn order to evaluate the effects of loss of ubo function on
the development of the RB neurons, we stained mutant both NC and RB cell types prompted us to analyze
whether increasing the levels of its activity would beembryos and their wild-type siblings with antibodies that
recognize the Isl proteins and HNK-1 class of glycopro- sufficient to instigate the ectopic induction of either one
or both of these cell fates. Although chd mutants exhibitteins, respectively, which are expressed in the differenti-
ating and mature primary sensory neurons [19, 20]. At an enlargement in the domain of ubo expression at the
edge of the neural plate, we failed to detect any obviousthe 6-somite stage, although Isl-positive differentiating
RB neurons were distinctly visible in wild-type embryos variation in the development of the NC and RB neurons
in these embryos. One possibility for such a discrepancyat the lateral edge of the neural plate, ubo mutants exhib-
ited a near-complete absence of this cell type (Figures is that the levels of this altered expression are not ade-
quate for ectopic activity. Because ubo function is re-3A and 3B). A patterned array of the large cell bodies
of mature RB neurons expressing Isl and HNK-1 proteins quired for gastrulation [5, 13], high levels of generalized
misexpression via synthetic mRNA injection into fertil-decorate the dorsal-most aspect of the spinal cord of
wild-type embryos at 24 hr postfertilization (hpf) (Figures ized eggs caused early developmental arrest. To circum-
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Figure 3. Specification of the RB Neurons
Requires Ubo Activity
(A–D) Anti-Isl stained wild-type (A and C) and
ubo embryos (B and D) at the 8-somite stage
([A] and [B], flat mount) and 24 hpf ([C] and
[D], lateral view). RBs (long arrows) and motor
neurons (short arrows) are indicated. (E and
F) Lateral views of anti-HNK-1-stained wild-
type (E) and an ubo embryo (F) at 24 hpf. The
RBs in (E) are indicated (arrows). (G and H)
Flat mounts of a 2-somite stage wild-type (G)
and an ubo mutant embryo (H) showing the
pattern of ngn1 expression. (M), (I) and (L)
denote the medial, intermediate, and lateral
columns of ngn1 expression that gives rise
to the motor neurons, interneurons, and RB
sensory neurons, respectively.
vent this effect, we utilized an inducible transgene (hs- ubo, in the specification of the progenitors of the NC
ubo) that allowed expression of the Ubo protein in re- and RB sensory neurons. First, the expression of ubo
sponse to heat shock at a particular developmental is transiently observed in cells at the neural-plate border
stage [5]. We injected this heat-shock construct into from where the NC and the RB neurons arise but not in
eggs derived from fish that were heterozygous for the the developing NC or RB neurons themselves. Secondly,
ubo mutation and subjected them to heat treatment at alterations in the levels of BMP signaling, which regulate
80% epiboly stage, a time point just preceding the onset cell fate decisions across the neural plate and epidermis
of the endogenous expression of the gene at the neural- in a dose-dependent manner, have measurable effects
plate border. This resulted in a substantial rescue of RB on the levels and pattern of ubo expression at the neural-
neurons in homozygous ubo embryos, indicating that plate border. Furthermore, although the loss of ubo func-
such a stage-specific induction of the transgene can tion inhibits the earliest events in the development of
effectively substitute for the requirement of Ubo activity the NC as well as the RB cells, it is significant that
in the development of this cell type (Figure 4A). Strik- ectopic Ubo activity exclusively induces the formation
ingly, analysis of wild-type sibling embryos revealed the of supernumerary RB cells without affecting the segre-
presence of large numbers of supernumerary Isl-express- gation of the NC fate. All of these data are entirely consis-
ing RB cells along the dorsal edge of the spinal cord tent with the model that Ubo is required for specifying
(Figure 4B), an effect that can be interpreted to arise the identity of a population of progenitor cells, which
from the ability of ectopic Ubo activity to expand the by default are destined to differentiate into RB sensory
domain of cells that are competent to contribute to the neurons, downstream of BMP signaling. Subsequent to
NC and RB cell lineages. However, in contrast to the RBs,
the Ubo-mediated determination of this progenitor pool,we consistently failed to observe any significant changes
N signaling-dependent lateral inhibition amongst thesein the expression of NC markers as a consequence of
progenitors distinguishes a subset for developing as NCsuch misexpression (Figure 4C and 4D, and data not
cells (Figure 4E). We have also shown that like the trunkshown). Because RB neurons, as opposed to NC cells,
NC, Ubo function is absolutely necessary for the specifi-are the default fate of their common progenitor [2, 3], it
cation of the cranial NC (Figures 2A and 2D). However,is unsurprising that ectopic Ubo exclusively instructs
unlike the trunk NC, the cranial NC cells do not ariseformation of supernumerary RBs because realization
from an equivalent group of precursors in response toof the NC fate will additionally require the influence of
N activity [2]. Despite this scenario, we did not observeappropriate levels of N activity amongst the expanded
any obvious increase in the cranial NC population onpopulation of progenitor cells.
misexpression of Ubo (Figures 4C and 4D), indicating
that its activity plays a critical but permissive role in theConclusions
specification of the trunk as well as cranial NC fate.We have adduced several lines of evidence that under-
score a central role for the zebrafish blimp-1 homolog, In the zebrafish, although there is no clear indication
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Figure 4. Ectopic Expression of Ubo Induces
Supernumerary RB Neurons
(A and B) Lateral views of an hs-ubo-injected
ubo mutant ([A], n  11/16) and wild-type
sibling embryo ([B], n  29/53) at 24 hpf
stained with anti-Isl antibodies. The RB neu-
rons are indicated (arrows) (compare with
Figures [3C] and [3D]). (C and D) Dorsal views
of an uninjected (C) and an hs-ubo-injected
wild-type embryo ([D], n  66) showing an
unaltered pattern of sna2 expression in the
cranial and trunk NC cells at the 12-somite
stage (arrows). (E) Schematic representation
of the developmental pathway that regulates
the formation of the NC and RB neurons.
Experimental Proceduresyet for the requirement of the FGF proteins in NC forma-
tion, like BMP signaling, inhibition of Wnt activity also
Zebrafish Strainsabrogates the early phase of NC induction as exempli-
Zebrafish colonies were maintained under standard conditions of
fied by the loss of foxd3 expression [21]. However, the fish husbandry. The ubotp39 strain has been previously described [4,
development of the RB sensory neurons is completely 5, 25]. swr tdc24 embryos [26] were obtained from the zebrafish facility
at the University of Sheffield, England. chd tt350 mutants [27] wereunaffected in such circumstances, indicating that the
kindly provided by S.J. Tao and K. Sampath.effect of the Wnts likely influences NC formation after
the Ubo-mediated specification of the common progeni-
tor cell population. We also noted that mutations in the Antisense ubo MOs
zebrafish narrowminded (nrd) gene result in embryonic The sequence of the antisense splice-inhibiting MO is as follows:
5-TGGTGTCATACCTCTTTGGAGTCTG -3. The MO was used at aneural-tube phenotypes that are reminiscent of those
concentration of 0.5 mM and 3–4 nl of the MO solution was directlyapparent when Ubo activity is compromised [22]. The
injected into each fertilized egg as previously described [5].activity of this gene, like that of ubo, is required cell
autonomously at least for the formation of the RB neu-
rons. Molecular characterization of this locus should Ectopic Expression of Ubo
For ectopic expression, we injected approximately 2–3 nl of thehelp elucidate how its function integrates with that of
heat-inducible hs-ubo construct [5] into fertilized eggs and sub-Ubo in the generation of the NC and RB cell types.
jected them to heat treatment at 38C for 1 hr at the 80% epibolyThe evolution of the NC has been intimately associ-
stage. They were subsequently fixed at appropriate developmental
ated with the success of the vertebrates relative to other stages and processed for in situ hybridization or antibody labeling.
sister chordate groups. In the cephalochordate Amphi-
oxus, all definitive derivatives of the NC are clearly ab-
In Situ Hybridization and Antibody Labelingsent, but a group of RB-like neurons are present in the
In situ probes for ubo [5], sna2 [17], foxd3 [18], ngn1 [11], as wellspinal cord, indicating that this cell type could have a
as antibodies that recognize Isl (Developmental Studies Hybridoma
more ancient origin than the NC [23]. In fact, it has been Bank), acetylated tubulin (Sigma), HNK-1, and HuC proteins (Anti-
postulated that the first step during the evolution of the body Facility, University of Oregon) were used according to routine
protocols. Histochemical stainings were performed using the Vec-NC is likely to have been the emigration of a RB-like
tastain Elite kit or reagents from Roche. Confocal analysis was donesensory neuron from the dorsal neural tube in the last
with appropriate fluorophore-conjugated secondary antibodies us-common ancestor of vertebrates and chordates [24].
ing a Zeiss LSM confocal microscope.Our study provides a developmental and genetic per-
spective for this intriguing hypothesis that associates
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